[1] Previous isotopic investigations of Aptian/Albian oceanic anoxic event (OAE) 1b from the western North Atlantic (Blake Nose) posited that increased sea surface temperatures and decreased salinity led to stratification of the upper water column, resulting in lowered dissolved oxygen and enhanced organic matter preservation. We examined calcareous nannofossils from the same site in the western North Atlantic (Blake Nose) to evaluate changes in surface water conditions prior to, during, and after the Aptian/Albian OAE1b. The results of our analysis conflict somewhat with the previous interpretation that OAE1b at Blake Nose was linked to water column stratification. The signal from calcareous nannofossils indicates that in the late Aptian, prior to OAE1b, oligotrophic conditions in the surface waters were replaced by mesotrophic conditions that persisted throughout the OAE event and into the early Albian. We speculate that increased surface water productivity facilitated to some degree the development of OAE1b at Blake Nose. 
Introduction
[2] Jurassic to Cretaceous marine sedimentary sequences are punctuated by several globally distributed lithologic and chronostratigraphic horizons which contain high amounts of organic carbon. These horizons are commonly called Ocean Anoxic Events, and they represent the enhanced preservation of organic matter throughout the world ocean [Schlanger and Jenkyns, 1976; Arthur et al., 1990; Erbacher et al., 1996; Leckie et al., 2002] . The two most widespread events of the mid-Cretaceous are the early Aptian OAE1a ($120.5 Ma) and Cenomanian/Turonian boundary OAE2 ($93.5 Ma) . The Aptian/Albian boundary OAE1b and the late Albian OAE1d ($99.5 Ma) were smaller events, typically with only regional occurrences.
[3] Anoxic deep water and organic-rich sediments are found in several different environments today, and may provide an analog for these ancient events. As such there are two key hypotheses to account for the mid-Cretaceous OAEs: (1) an increase in primary productivity [Arthur et al., , 1990 Calvert and Pederson, 1992; Bralower et al., 1994; Erba, 1994; Leckie et al., 2002] , and/or (2) the density driven stratification of the upper water column and enhanced preservation of organic matter [Bralower and Thierstein, 1984; Tribovillard and Gorin, 1991] . Evidence from calcareous nannofossils, foraminifera, radiolarians, stable isotopes, organic matter composition, and trace metal concentrations suggests that surface water productivity was elevated during these mid-Cretaceous anoxic events: OAE1a [Erba, 1994; Erba, 2004; Kuypers et al., 2004; Robinson et al., 2004] , OAE1b [Erbacher et al., 1996; Leckie et al., 2002] , OAE1d [Watkins et al., 2005] , and OAE2 [Watkins, 1989; Leckie et al., 2002; Erba, 2004; Kuypers et al., 2004; Snow et al., 2005] . Nevertheless, it has been difficult to assign productivity as the exclusive mechanism for anoxia in mid-Cretaceous OAEs because in some events inconsistent fertility, isotopic, and salinity signals are found in various localities [Leckie et al., 2002; Bowman and Bralower, 2005] .
[4] OAE1b has been attributed to density driven stratification of the upper water column as evidenced by a negative shift in planktonic foraminiferal oxygen isotope values at Blake Nose in the western North Atlantic ($1.5% ), the Vocontian Basin in southeast France ($1.5% [Herrle et al., 2004] ), and Mazagan Plateau in the eastern North Atlantic ($1.2% [Herrle et al., 2004] ). The negative oxygen isotope shift and formation of OAE1b in the Vocontian Basin and Mazagan Plateau is explained by a monsoonally driven reduction in deep water formation and reduced deep water ventilation rates [Herrle et al., 2004] . The negative oxygen isotope shift at Blake Nose is interpreted to reflect that a well mixed, well ventilated, upper water column characterized by high-salinity and low-temperature surface waters underwent both a moderate temperature increase and decrease in salinity leading to the initiation of OAE1b . The composition of the organic matter in OAE1b from Blake Nose [Kuypers et al., 2001 [Kuypers et al., , 2002 , as well as the assemblage of benthic foraminifera [Erbacher et al., 1999; Holbourn and Kuhnt, 2001] and carbon isotopic ratios of planktic foraminifera [Erbacher et al., 1999] , however, makes a case for elevated surface water productivity, though to a lesser degree than in the other mid-Cretaceous OAEs.
[5] The purpose of this study is to examine calcareous nannofossil assemblages deposited during Aptian/Albian boundary transition and OAE1b at Blake Nose (ODP Site 1049C) to evaluate evidence for density driven stratification or elevated primary productivity. We also compare the nannofossil fertility signal derived from OAE1b in an open ocean setting in western Tethys (e.g., this study, in the western North Atlantic) with a marginal setting in eastern Tethys [e.g., Herrle, 2002 Herrle, , 2003 Herrle and Mutterlose, 2003; Herrle et al., 2003a Herrle et al., , 2003b (in the Vocontian Basin).
Materials and Methods

Stratigraphic Framework
[6] Ocean Drilling Program (ODP) Leg 171B to Blake Nose (Figure 1 ) recovered a shallowly buried Aptian-Albian sequence in Hole 1049C (30°8.5370 0 N, 76°.067271 0 W; 2670.8 m present-day water depth). Benthic foraminiferal assemblages indicate that this interval of the Blake Nose accumulated at middle bathyal paleodepths ($800 -1000 m) ]. During Aptian-Albian time, Site 1049 was situated in the tropical-subtropical western Tethys, just proximal to the eastern coast of the North American landmass and eastern margin of the Blake Plateau, a massive Jurassic-late Aptian rudist carbonate platform.
[7] The record recovered between core 11 -2, 120 -121 cm through core 13 -3, 90 cm (137.15 -152 .79 m below seafloor (mbsf) spans the upper Aptian to lower Albian (Figure 2 ). The upper Aptian is characterized by dmscale alternations between red clay and white nannofossil Figure 1 . Paleogeographic reconstruction for the late Aptian modified after Erbacher et al. [2001] showing the locations of ODP Hole 1049C on Blake Nose (western Tethys), the Vocontian Basin (eastern Tethys), and Mazagan Plateau. The arrow indicates a shallow to intermediate connection through the central Atlantic seaway (denoted by the star) based on studies from Arthur and Natland [1979] and Moullade et al. [1993] . Figure 2 . Biostratigraphy of selected taxa from ODP Site 1049C. OAE1b black shale is illustrated by gray horizontal shading. Calcareous nannofossil biostratigraphy is based on the zonation scheme of Perch-Nielsen [1985] with additional information regarding placement of the Aptian/Albian boundary from Kennedy et al. [2000] . The taxa in bold are age diagnostic. chalk that grades into 1.90-m-thick greenish-gray clay at 145.29 mbsf in the uppermost Aptian. The deposition of the greenish-gray clay at 145.29 mbsf coincides with the termination of the Blake Platform ] in the latest Aptian. The greenish-gray claystone unit is interrupted at 143.19 mbsf by a 46-cm-thick black shale composed of well-preserved nannofossils and clay. This black shale is correlative to OAE1b and was deposited over 46 ka based on an estimated sedimentation rate of 1 cm/ka . High total organic carbon content (2 -12% [Kuypers et al., 2002] ), distinct mm-scale laminae, and lack of bioturbation indicate an anoxic environment during deposition of the black shale ]. The basal Albian interval, above the black shale, is composed of cm-scale alternations between white chalk, red claystone, and green claystone. The rhythmic alternations of red clay and white chalk resume 1.95 m above the black shale at 141.69 mbsf.
Sample Preparation and Analysis
[8] One hundred and eighty-four samples from ODP Hole 1049C were examined for calcareous nannofossils in order to determine biostratigraphic ranges and quantitative species abundances. Samples were examined at 10 cm intervals from core 11 -2, 120-121 cm through core 13-3, 89-90 cm (137.15 -152.79 mbsf) . High-resolution samples were taken at 1 cm intervals from 10 cm above the black shale to 10 cm below the black shale (core 12 -3, 38-39 cm to core 12-3, 99 -100 cm; 142.68 -143.29 mbsf) to facilitate detailed biostratigraphic and paleoceanographic examination of OAE1b.
[9] Smear slides were prepared using a double slurry method shown to yield reproducible data at the 99% confidence level [Watkins and Bergen, 2003] . The percent abundances of nannofossil species were estimated by counting 456 specimens (this number assures 95% confidence interval [Chang, 1967] ) in each sample using a Zeiss Universal Photomicroscope at X1250 magnification. Twenty-six samples exhibited multiple indications of significant diagenetic alteration including, sediment displaying brittle deformation, moderate to strong dissolution or overgrowth of the coccoliths and elevated (>40%) abundances of the most dissolution-resistant species, Watznaueria barnesiae [Thierstein, 1980; Roth, 1981; Roth and Bowdler, 1981] . These samples were examined for biostratigraphy but were not used for paleoecological analysis.
[10] A separate set of 27 samples was prepared using a suspension settling device [Geisen et al., 1999] to estimate the total number of coccoliths in a unit mass of sediment (termed the absolute abundance). Suspension settling methods provide an accurate estimate (at the 95% confidence level) of the absolute abundance of coccoliths that settled to the seafloor at the time of deposition [Williams and Bralower, 1995; Geisen et al., 1999] . Variations in absolute abundance were used to estimate fluctuations in the total carbonate produced by nannoplankton.
Paleoecological Data Analysis
[11] Several statistical and numerical analyses of the species census counts were used to estimate paleoproductivity and changes in the structure of the nannofossil community before, during, and after OAE1b. The stratigraphic distributions of major taxa were plotted and smoothed with a 10-sample moving average. Relationships between the abundances of major taxa, with emphasis on fertility-indicating taxa, were analyzed by Pearson correlation and principal components analysis. Stratigraphic changes in community structure were analyzed by computing species richness (S), Shannon diversity (H), and evenness (E) from the species census counts. Richness (S) is the number of different species in an assemblage (also called simple diversity) and indicates the niche space within a nannofossil community [Watkins, 1989] . Shannon diversity (H) is an unbiased measure of both richness and evenness [Pielou, 1969] . Evenness (E) measures the degree of dominance by individual species in a paleocommunity [Watkins, 1989] .
Results
[12] A total of 83 taxa were identified. In general, preservation within chalk intervals is moderate while preservation within the gray marl and black shale is good. Calcareous nannofossil biostratigraphy from this study suggests continuous sedimentation within the upper Aptian section of the studied interval (Figure 2 ), although foraminiferal biostratigraphy indicates a hiatus below the black shale interval at 145.29 mbsf, the interval corresponding to a lithologic change to greenish-gray clay (B.T. Huber, personal communication, 2007) . There is an unconformity to the Upper Cretaceous between cores 11 -2, 120-121 cm, and 11 -2, 110-111 cm (137.05 -137.15 mbsf)  this study].
[13] Data are archived at the World Data Center-A for Paleoclimatology http://www.ncdc.noaa.gov/paleo/data.html.
[14] Five of the 83 taxa identified have abundances of more than 10% in at least one sample. Moreover, the combined abundance of these major taxa often exceeds 40% of the sample. The two most abundant species, Zeugrhabdotus erectus (includes all zeugrhabdotids < 5 mm) and Biscutum ellipticum, exhibit broadly similar abundance trends and display a positive correlation (r = 0.60; p < 4.65 Â 10 À17 ). These taxa are found in relatively low abundances below 145.29 mbsf and both increase in abundance above 145.29 mbsf, a stratigraphic horizon that corresponds to a greenish-gray clay located 2.1 m below the base of the OAE1b black shale (Figure 3 ). Above 145.29 mbsf, the interval corresponding to increases in these taxa, Z. erectus increases from an average of 17% to 28% and B. ellipticum increases from an average of 5% to 14%. The abundance of Z. erectus decreases to near preevent averages of 17% and the abundance of B. ellipticum decreases somewhat to an average of 12% in the basal Albian starting at 141.24 mbsf (a stratigraphic horizon that corresponds to a white chalk and 1.5 m above the top of the OAE1b black shale) and continuing to the unconformity to the Upper Cretaceous at 137.15 mbsf.
[15] The abundance of the third major species, Watznaueria barnesiae, varies from 9% to 39%, and within the 145.29-152.79 mbsf interval maintains an average abundance of 27% ( Figure 3 ). The abundance of W. barnesiae declines at 145.29 mbsf and the average abundance for the overlying interval is 13.5%. W. barnesiae displays a negative correlation with Z. erectus (r = À0.78; p < 7.03 Â 10 À34 ) and B. ellipticum (r = À0.81; p < 4.35 Â 10 À39 ).
[16] Nannoconus spp. are common in lower portions of the section (145.29 -152.79 mbsf) with an average abundance of 6.0%, with two abundance peaks that exceed 20%. Above 145.29 mbsf these taxa decline significantly in abundance and are rare in the remainder of the section ( Figure 3 ). The abundance of Nannoconus spp. recovers partially at 141.24 mbsf, a stratigraphic horizon that corresponds to a white chalk and 1.5 m above the top of the OAE1b black shale. The average abundance of Nannoconus spp. above this interval (137.15 -141.24 mbsf) is 3.0%. There is a positive correlation between Nannoconus spp. and W. barnesiae (r = 0.64; p < 1.59 Â 10
À19
). Nannoconus spp. display a negative correlation to Z. erectus (r = À0.78; p < 1.75 Â 10 À28 ) and B. ellipticum (r = À0.63; p < 4.81 Â 10 À19 ).
[17] Species richness (S) varies from 30 to 50 species per sample. Shannon diversity (H) varies from 2.09 to 3.02 with a mean value of 2.58. Evenness (E) varies from 0.58 to 0.81 with an average of 0.70 (Figure 4 ). Species richness varies throughout the section but shows no clear trend. The 10-point moving average (Figure 4) indicates that richness was more variable below 145.29 mbsf than above, but the significance of this change is difficult to assess. In general, species richness appears to have been relatively insensitive to the paleoceanographic changes associated with OAE1b. This insensitivity is similar to that observed with other Cretaceous OAEs [Watkins, 1989; Watkins et al., 2005] . Given the relative insensitivity of richness, the observed changes in Shannon diversity reflect variations in evenness. Evenness and diversity were highest in the interval prior to the onset of anoxic conditions and declined gradually from 148 to 150 mbsf to reach their minima corresponding precisely within the OAE (Figure 4) . Following the OAE, evenness and diversity values increased to values comparable to the pre-OAE levels.
[18] Principle component analysis was performed using species that account for greater than 5% of the population in at least one sample. (top) Percent abundances of major calcareous nannofossil taxa (B. ellipticum, Z. erectus, W. barnesiae, and Nannoconus spp.) and absolute abundance of nannofossils from the Aptian/Albian sequence in Hole 1049C at Blake Nose. Oxygen and carbon isotope data are from Erbacher et al. [2001] . The level of OAE1b black shale is indicated by a gray horizontal bar. The horizontal blue line and blue arrow delineate the base of the interval (141.24 -145.29 mbsf) of increased nannofossil fertility. (bottom) Percent abundances of nannofossil (Z. erectus, W. barnesiae, and Nannoconus spp.) and absolute abundance of nannofossils taxa from Herrle et al. [2003b] in the Aptian/lower Albian OAE1b in the Vocontian Basin. The level of OAE1b is indicated by a gray horizontal bar. Note the opposite trends in the abundance of calcareous nannofossils in the Vocontian Basin compared with Hole 1049C at Blake Nose.
[19] The absolute abundance of nannofossils has a mean value of approximately 1.5 Â 10 9 coccoliths per gram of sediment in the lower portion of the studied interval between 145.29 and 152.79 mbsf (Figure 3) . At the top of the black shale, the absolute abundance increases to greater than 6 Â 10 9 coccoliths per gram of sediment, then gradually declines in the overlying section above the OAE.
Discussion
Surface Water Fertility
[20] During the Mesozoic, calcareous nannoplankton were an important part of the carbon cycle and likely the dominant primary producer [Falkowski et al., 2004] . Quantitative assessments of the nannoplankton communities can be used to estimate the level of fertility in ancient surface waters. Fertility reconstructions using nannofossils originate from the designation of calcareous nannoplankton as opportunist (''r-selected'') or specialist (''K-selected'') species, based on their presumed ecologic tolerances. Opportunist species show high environmental tolerance and dominate assemblages in high nutrient or harsh living conditions. Specialist species are intolerant of harsh environmental conditions and high-nutrient environments, and typify assemblages in oligotrophic environments [e.g., Hallock, 1987; Boersma et al., 1998 ].
[21] Observations of modern nannofossil assemblages have shown that small-sized (3 -5 mm) placoliths, from coccolithophorids that inhabit the uppermost photic zone, dominate assemblages in high-nutrient conditions [e.g., Honjo, 1973, Takahashi and Okada, 2000] . Zeugrhabdotus erectus and Biscutum ellipticum are smallsized mid-Cretaceous nannofossil species which display characteristics of opportunist species. These taxa dominate nannofossil communities with low diversity and have been designated as high-fertility indicators based on their abundance in paleoupwelling areas [Roth and Bowdler, 1981; Roth and Krumbach, 1986; Erba, 1992] and in rocks with high organic carbon contents [Watkins, 1986 [Watkins, , 1989 Premoli Silva et al., 1989; Erba et al., 1992] . Accordingly, the dominance of Z. erectus and B. ellipticum in nannofossil assemblages is considered indicative of mesotrophic to eutrophic surface waters [Roth, 1981 [Roth, , 1986 [Roth, , 1989 Bowdler, 1981, Roth and Krumbach, 1986; Premoli Silva et al., 1989] . The sharp increase in abundances of Z. erectus and B. ellipticum at Blake Nose approximately 2.1 m below the black shale interval (OAE1b) and continued dominance of these taxa upward into the lower Albian (141.24 -145.29 mbsf; Figure 3) suggests that mesotrophic to eutrophic conditions became established in surface waters prior to the onset of OAE1b, peaked during deposition of the OAE1b black shale, and then persisted for some time after OAE1b. The decline in the abundance of Z. erectus and B. ellipticum in the lower Albian (141.24 mbsf) signifies a gradual return to oligotrophic conditions in the upper surface waters.
[22] Watznaueria barnesiae and Nannoconus spp. are common in diverse Cretaceous nannofossil assemblages that inhabited oligotrophic surface waters [Roth and Krumbach, 1986; Erba et al., 1992; Williams and Bralower, 1995] .
W. barnesiae however was often the first nannofossil to appear in abundance during marine invasion of a continental basin [e.g., Watkins, 1986; Mutterlose, 1993] or foundering of an oceanic plateau [Watkins, 1992] , and it survived across the Cretaceous-Tertiary boundary, suggesting it had a high tolerance for unstable environmental conditions [Bown, 2005] . Given these factors, it is likely that W. barnesiae was abundant in oligotrophic settings only because the abundances of fertility-sensitive species decreased.
[23] Nannoconus spp. were likely adapted to the dimly lit but nutrient rich conditions at the base of the photic zone (60 -200 m); for further details on Nannoconus spp. morphology and adaptation, see McIntyre [1990a, 1990b] , Coccioni et al. [1992] , and Erba [1994] . This adaptation has provided a method, based on changes in the abundance of Nannoconus spp., for reconstructing the relative position of the nutricline during the mid-Cretaceous [e.g., Erba, 1994] . Accordingly, a decrease in Nannoconus spp. indicates a shallow nutricline due to upwelling and high surface water fertility, and visa versa. The observed decrease in Nannoconus spp. to very rare abundances prior to and during the deposition of the OAE1b black shale (141.24 -145.29 mbsf) is indicative of a shallow nutricline and elevated surface water fertility, as further suggested by the relative increased abundances of Z. erectus and B. ellipticum (Figure 3) .
[24] Nannoplankton communities characterized by low S, H, and E values can result from the dominance by a few opportunist species in high-nutrient environments [Watkins, 1989] . On the contrary, high H and E values reflect a more equitable distribution of resources among a large number of specialist species in low nutrient environments [Watkins, 1989] . The gradual decline in diversity (H) and evenness (E) values beginning 2.1 m below OAE1b at Blake Nose ( Figure 4 ) coincides with the increase of high-fertility taxa ( Figure 3 ) and is indicative of a nannoplankton community adapted to an environment with elevated nutrient abundances. The shift to the lowest diversity values during OAE1b (Figure 4 ) signifies that at the peak of anoxia the community of surface dwelling phytoplankton was operating in unstable environmental conditions, likely associated with elevated nutrient availability.
[25] Three of the taxa with a strong correlation to PCA1 have well-documented paleoecologic affinities. As noted above, Z. erectus and B. ellipticum are abundant in mesotrophic-eutrophic conditions, and Nannoconus spp. are more common in oligotrophic conditions. The eigenvalue (approximately 69% of variance) of PCA1 indicates that most of the assemblage variance can be explained by this factor, which is interpreted as a measure of surface water fertility.
[26] The increase in absolute abundance of calcareous nannofossils approximately 2.1 m below the OAE interval coincides with the sharp increase of high-fertility taxa ( Figure 3 ) and decrease in the nannofossil assemblage diversity (H) and evenness (E) (Figure 4 ). These trends suggest that the onset of nutrient rich surface waters prior to OAE1b cultivated an increase in the coccolithophorid biomass. Z. erectus and B. ellipticum are the dominant taxa within the interval of increased absolute abundance. These tiny placoliths contain a relatively low amount of calcite, compared with large taxa such as Nannoconus spp., likely explaining why an increase in carbonate export production [e.g., Watkins, 1989] does not coincide with the increase in absolute abundance of carbonate.
[27] Other studies from Blake Nose support our finding of elevated surface water fertility prior to and during OAE1b. There is a slight increase in the vertical carbon isotopic gradient (e.g., 0.9% increase of d
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C values of planktic foraminifera) just below OAE1b at Blake Nose at $143.40 mbsf (Figure 3 ). This slight increase occurs synchronous to the replacement of a diverse benthic foraminiferal assemblage with a low-diversity assemblage dominated by opportunistic phytodetritus feeders that were likely subsisting on elevated carbon flux to the seafloor and tolerating some degree of oxygen depletion [Erbacher et al., 1996; Holbourn and Kuhnt, 2001] . This increase in carbon isotopic values and change in the benthic foraminiferal assemblage structure implies that surface water productivity was elevated to some degree prior to the onset of anoxia [Erbacher et al., 1999 Holbourn and Kuhnt, 2001] .
[28] A majority (approximately 80%) of the organic matter (OM) in OAE1b at Blake Nose is composed of chemoautotrophic nonthermophilic marine archaea (Crenarchaeota) [Kuypers et al., 2001 [Kuypers et al., , 2002 . Kuypers et al. [2001] speculate that compounds originating from the peak in ocean crust production at the Aptian-Albian boundary transition [Bralower et al., 1997] and/or the prolonged period of hydrothermal activity during the mid-Cretaceous may have been one mechanism able to sustain the large populations of marine archaea found in the OM of OAE1b at Blake Nose. However, this assertion is rather cautionary as the ecologic niche of archaea during the Mesozoic is still uncertain [Kuypers et al., 2001] .
Comparison With the Vocontian Basin
[29] Nannofossil fertility during OAE1b has been previously reconstructed for the Vocontian Basin [Herrle, 2002 [Herrle, , 2003 Herrle and Mutterlose, 2003; Herrle et al., 2003a Herrle et al., , 2003b . There is evidence to suggest that surface water conditions were markedly different during OAE1b at Blake Nose and in the Vocontian Basin. The nannofossil assemblage in the Vocontian Basin is dominated by the oligotrophic taxon Nannoconus spp. below and within OAE1b, while the maximum abundance of the mesotrophic-eutrophic taxon Z. erectus is less than 14.8% within this interval (Figure 3) [from Herrle et al., 2003a Herrle et al., , 2003b . Nannoconus spp. are the most abundant nannofossil taxa within the OAE interval, with an average abundance of $25% and peak abundances exceeding $38%. The prevalence of Nannoconus spp. points to oligotrophic surface waters and a deep nutricline during OAE1b in the Vocontian Basin [Herrle et al., 2003a [Herrle et al., , 2003b .
[30] The absolute abundance of nannofossils in Vocontian Basin never exceeds 4 Â 10 9 specimens/gram in the upper Aptian-Albian interval, and the absolute abundance is highest in sediments below and above the OAE interval (Figure 3) [from Herrle et al., 2003b] . The lowest absolute abundances occur within OAE1b and on average remain below 1.5 Â 10 9 specimens/gram within the OAE interval [Herrle et al., 2003b] . This is opposite of what is observed at Blake Nose (Figure 3) , with peaks in absolute abundance exceeding 6.0 Â 10 9 within OAE1b, and the lowest average abundances (approximately 1.5 Â 10 9 ) occurring in the upper Aptian sediment, and corresponding to a nannofossil assemblage dominated by oligotrophic taxa.
[31] These contrasting nannofossil trends from OAE1b at Blake Nose and the OAE1b in the Vocontian Basin signify that paleoecologic conditions were vastly different in the open ocean region of western Tethys (Blake Nose) and in the restricted embayment of eastern Tethys (Vocontian Basin) prior to and during OAE1b. Moreover, the OM composition is quite different at each site. At the onset of OAE1b in the Vocontian Basin, there is a dramatic increase in the palynomorph: terrigenous marine ratio (TMR), showing a freshwater influence during formation of OAE1b at this location [Herrle et al., 2003b] . The composition of the OM in OAE1b Blake Nose has a marine archaeal lipid origin [Kuypers et al., 2001 [Kuypers et al., , 2002 , a further indication of dissimilar surface water conditions during OAE1b at Blake Nose.
Comparison to Other Mid-Cretaceous OAEs
[32] The absence of a large positive carbon isotope excursion in OAE1b, as has been observed in the large productivity events of OAE1a (>2%) [Sliter, 1989; Bralower et al., 1994; Jones and Jenkyns, 2001] and OAE2 (>2%) [Scholle and Arthur, 1980; Summerhayes, 1981 Summerhayes, , 1987 Pratt and Threlkeld, 1984; Arthur et al., 1987 Arthur et al., , 1990 Schlanger et al., 1987] , makes it difficult to assert that productivity alone was responsible for the formation of OAE1b at Blake Nose. However, the sharp increase in the abundance of mesotrophic-eutrophic nannofossils and the parallel decline in nannofossil community evenness observed in OAE1b at Blake Nose are similar to those documented in mid-Cretaceous OAEs associated with elevated surface water fertility (Table 1, e.g.; OAE1a, OAE1d, and OAE2). An increase in the abundance of mesotrophic taxa Z. erectus approximately 40 ka prior to and during the early Aptian OAE1a at ODP Site 641 on the Galicia Margin in the Atlantic Ocean (Table 1) [from Tremolada et al., 2006] and decrease in the nannofossil diversity and approximately 40 ka prior to and during OAE1a at the Ontong Java and Manihki Plateaus [Erba, 1994; Larson and Erba, 1999] suggest an increase in surface water fertility [Erba, 1994; Larson and Erba, 1999; Tremolada et al., 2006] . An increase in the abundance of mesotrophic taxa Z. erectus and B. ellipticum approximately 1 Ma before the onset of latest Albian OAE1d in Hole 1052E from the Blake Nose (Table 1) [from Watkins et al., 2005] and decline in nannofossil community evenness within the OAE interval suggest that the collapse of water column stratification associated with OAE1d [Norris and Wilson, 1998; Wilson and Norris, 2001] was preceded by increased surface water fertility and water column instability [Watkins et al., 2005] . Elevated abundances of Z. erectus and B. ellipticum during the Cenomanian-Turonian OAE2 from the Western Interior Seaway (Table 1) [from Watkins, 1989 ] and a decline in nannofossil assemblage diversity during OAE2 at the same site [Watkins, 1989] and in OAE2 from Eastbourne, England [Jarvis et al., 1988; Lamolda et al., 1994; Paul et al., 1999; Erba, 2004] indicate mesotrophic surface water conditions and increased productivity at the time of anoxia.
[33] The decline in the abundance of the oligotrophic taxa Nannoconus spp. prior to and during OAE1b at Blake Nose resembles similar trends of this taxon observed in other midCretaceous OAEs. Nannoconus spp. are abundant (20 -60%) in the lower Aptian nannofossil assemblage below OAE1a at the Ontong Java and Manihki Plateaus (Table 1) [from Erba, 1994] . The abundance of Nannoconus spp. declines markedly approximately 40 ka prior to OAE1a, decreases to near zero levels during the OAE, and then recovers only partially after OAE1a (Table 1) [from Erba, 1994] . Numerous studies have documented similar decreases in the abundance of Nannoconus spp. prior to OAE1a, and this is considered a worldwide event [Erba, 2004] . The disappearance of Nannoconus spp. prior to and during OAE1a has been attributed to a shallow nutricline position and high surface water fertility [Erba, 1994] . Nannoconus spp. are abundant (2 -10%) in the upper Albian nannofossil assemblage below OAE1d from Blake Nose, but approximately 1 m below OAE1d declines gradually in abundance, and rapidly disappear at the top of the OAE interval (Table 1) [from Watkins et al., 2005] . The decline in the abundance and disappearance of Nannoconus spp. has been attributed to the collapse of water column stratification and elevated surface water fertility associated with OAE1d [Watkins et al., 2005] . During the Cenomanian-Turonian and OAE2 Nannoconus spp. were no longer common members of nannofossil assemblages.
Mechanisms for OAE1b Formation
[34] The large negative d 18 O shift within the OAE1b black shale in the Vocontian Basin ($1.5% [Herrle et al., 2004] ) and Mazagan Plateau ($1.2% [Herrle et al., 2004] ) is interpreted as a monsoon-driven reduction in deep water formation [Herrle et al., 2004] , which eventually lead to stratification of the upper water column and enhanced preservation of organic matter. Nannofossil and benthic foraminiferal assemblages from OAE1b at Blake Nose, however, advocate for major biotic changes and ecologic disturbances throughout the entire water column at the time of anoxia; therefore reduced deep water ventilation may have only been a partial factor controlling formation of OAE1b at Blake Nose. Undoubtedly the near opposite nannofossil fertility reconstruction from Blake Nose (mesotrophic-eutrophic association) and in the Vocontian Basin (oligotrophic association) elucidate that surface water conditions at these sites were different leading up to and during the inception of OAE1b.
[35] The negative d
18
O shift during OAE1b at Blake Nose ($1.5%; Figure 2 ) has been attributed to a moderate warming and freshening of the upper water column that cultivated ''super sapropel'' conditions across western Tethys analogous to the Quaternary sapropels of the Mediterranean [Emeis, 1998 . Given the close proximity of Blake Nose to the North American Average abundance decreases $0.4 Ma before anoxia (from 20 to 60% to <1%) (7). Disappearance within the black shale (7). [Herrle et al., 2003b] .
[36] Since changes in the nannofossil assemblage prior to and during OAE1b at Blake Nose closely resembles those found in mid-Cretaceous OAEs associated with elevated surface water fertility (Table 1 , e.g., OAE1a, OAE1d, and OAE2) we propose that this event too was associated with an increase in productivity. An enhanced hydrologic cycle and weathering of the North America landmass may have provided a nutrient source to Blake Nose, but the marine composition of the OM implies that perhaps another mechanism accounts for OAE1b at Blake Nose. The nutrient source necessary to fuel the increased productivity in the mid-Cretaceous OAEs is widely debated, but the ''iron fertility hypothesis'' has been suggested as a triggering mechanism for OAE1a, OAE1b, and OAE2 [Sinton and Duncan, 1997; Leckie et al., 1998; Larson and Erba, 1999; Leckie et al., 2002; Snow et al., 2005] . Increased productivity across vast areas of the world ocean during OAE1a and OAE2 may have been facilitated from hydrothermal micronutrients (namely iron) originating from the emplacement of Ontong-Java (and Maninhiki) ($125 -118 Ma and $96 -84 Ma [Larson, 1991a [Larson, , 1991b Larson and Kincaid, 1996; Bralower et al., 1997; Jones and Jenkyns, 2001] ) and Caribbean Plateaus ($96 -87 Ma [Ingram et al., 1994; Bralower et al., 1997; Jones and Jenkyns, 2001] ).
[37] The Aptian/Albian boundary OAE1b occurs at the height of oceanic crust production during the mid-Cretaceous (e.g., Sr record of Bralower et al. [1997] and Jones and Jenkyns [2001] ) and synchronous to the emplacement of the Kerguelen Plateau ($116 -110 Ma [Whitechurch et al., 1992; Coffin and Eldholm, 1994; Frey et al., 1999] ). It is possible that micronutrients originating from the emplacement of the Kerguelen Plateau stimulated an increased productivity prior to and during OAE1b at Blake Nose [Leckie et al., 2002; this study] . Hardgrounds in AptianAlbian sediment in sites located across southern alpine Tethys [Weissert and Lini, 1991] , the North Atlantic [Arthur and Natland, 1979] , at Blake Nose ], and along the Mazagan Plateau margin [Leckie, 1984] signify a reorganization of Tethyan shallow to intermediate circulation during the Aptian-Albian, suggesting that the breach of the Central Atlantic seaway may have provided a shallow conduit to the proto-North Atlantic (Figure 1 , for a detailed discussion on the paleoceanographic consequences of the mid-Cretaceous central Atlantic seaway breach, see Arthur and Natland [1979] ) through which nutrients that had built up in the Cape and Angola Basins during emplacement of the Kerguelen Plateau could have been delivered to Blake Nose prior to the onset of OAE1b.
Conclusions
[38] Prior to this study it was suggested that Aptian/ Albian boundary OAE1b at Blake Nose resulted from a moderate warming and freshening of the upper water column that culminated in super sapropel conditions throughout western Tethys . The calcareous nannofossil evidence from OAE1b (Blake Nose) however indicates that elevated primary productivity was associated with enhanced organic carbon burial and that increased productivity began well before the OAE1b black shale. Four lines of evidence suggest that the nannoplankton community was living under mesotrophic to eutrophic conditions prior to and during the onset of anoxia in OAE1b: (1) Below OAE1b there is a sharp increase in the abundance of nannofossil species that flourish in highnutrient conditions, which intensifies within OAE1b, and continues above OAE1b into the early Albian; (2) nannofossil assemblage diversity declined prior to OAE1b and, at the onset of the event, diversity values showed a considerable drop in diversity; (3) a marked decrease in the abundance of the oligotrophic taxon Nannoconus spp. prior to OAE1b indicates a shallow nutricline and elevated surface water fertility; and (4) the absolute abundance of calcareous nannofossils, a measure of the nannofossil biomass, increased gradually prior to the onset of OAE1b and reached high levels within the OAE interval.
[39] Previous reconstructions of nannoplankton paleoproductivity in OAE1b were derived from plankton assemblages located in the Vocontian Basin, a marginal basin of eastern Tethys, where the initiation of OAE1b resulted from monsoonally driven reduction bottom water ventilation. This study maintains that the phytoplankton signal from Vocontian Basin represents local paleoceanographic conditions in eastern Tethys, and does not traverse to the open ocean site at Blake Nose in western Tethys, where elevated nannofossil productivity was associated with OAE1b.
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